A Mobile phone in operation emits a pulsed radiofrequency electromagnetic field which is absorbed into the user's body particularly the head region. Contradictory scientific reports on the health effect of nonionizing radiations on biological tissues have prompted to undertake the present study to evaluate the damage in the developing lens of a chick embryo following exposure to radiation emitted from a 2G cell phone. Fertilized chick embryos were incubated in two groups in a standard egg incubator. The experiment group was exposed to radiation emitted from a 2G cell phone. On completion of scheduled duration, the embryos were collected and processed for routine histological studies. The 9th to 12th day chick embryo eyes were processed for assessment of DNA damage using the alkaline comet assay technique. The lens thickness and the equatorial diameter were measured using oculometer and statistically compared for both groups. In the present study, the exposure of chick embryos to a 2G cell phone caused structural changes in lens epithelial cells, formation of cystic cells and spaces, distortion of lens fibers, and formation of posterior aberrant nuclear layer. The DNA damage in the developing eyes of the experiment group assessed by comet assay was highly significant.
Introduction
Cell phones have revolutionized the wireless telecommunications industry over the past decade. It has made telecommunication faster, convenient, and more economical. The advancement in mobile phone technology with multifunctional features has attracted more cell phone users, both young and old, throughout the world with 6 billion GSM/2G cell phone users at present. This growing demand has given rise to the installment of more base stations to send and receive communication signals. These wireless telecommunication devices operate with the help of radio frequency (RF) fields just like TV, radio, radar, and microwave oven. Various scientific reports on the possible health hazards on the long term effects of radiofrequency radiation emitted from the cell phone have caused a lot of public concern.
RF radiations emitted from cell phones are usually absorbed by the user's body, especially in the head region as the handsets are held against the ear. Since the eye is in close proximity to this radiation field, a number of researches have been conducted on both human and animal models to find the possible effects of RF radiations emitted from cell phone on the eyes. RF radiation has been reported to cause both thermal and nonthermal effects in the body. According to ICNRP (International Commission on Nonionizing Radiation Protection) guidelines, the microwave exposure limit for eyes is set at 5 mW/cm 2 . Exposure levels below this will not produce any thermal stress and could be tolerated by the body through stress-management mechanisms without any possible damage. But in most of the scientific studies, exposure levels well within the set limit also have shown cell 2 Advances in Anatomy damage in the lens and retina probably due to nonthermal effects of microwaves on the eye.
Several contradictory reports are posted on the effect of exposure of the chick embryo retina to cell phone radiation. Exposure increased the body growth and retinal differentiation up to 10th day followed by retarded growth on further exposure [1] . Zareen et al. [2] reported a decreased retinal differentiation up to the 10th day followed by growth enhancement on further exposure. Khaki et al. [3] reported an increase in the retinal thickness of rats exposed to electromagnetic fields for 4 weeks.
Bormusov et al. [4] exposed cultured bovine lens to RF radiation that resulted in structural changes in lens epithelial cell and enzyme activities. Dovrat et al. [5] reported impaired optical function of the bovine lens due to damage of lens fibers after RF exposure. RF radiation on rabbit lens showed various biochemical changes in the form of altered protein expression on cell membranes of lens epithelial cells, which declined cell proliferation, and lens epithelial cells damage and opacity [6] [7] [8] . The heat shock proteins, HSP-70 and HSP-27, in lens epithelial cells [9, 10] are reported to increase due to radiation exposure. Oxidative stress is a leading cause for cataractogenesis. Studies on animal models have shown that RFR exposure caused deformation of heat labile enzyme glutathione peroxidase that protects lens cell proteins and membrane lipids from oxidative damage [11] . The structural damages are in the form of granular degeneration of the lens cell epithelium at the equator, appearance of large spherical or ovoid "balloon cells, " smaller cells with condensed nuclei, and damaged cytoplasm with pyknosis [4, 5, 12] .
RF radiation emitted per cell phone enhances the activity of free radicals in the cells by Fenton reaction. These free radicals damage the DNA, leading to single strand breaks (SSB) and double strand breaks (DSB) [13] . DNA strand breaks are also caused by various exogenous factors such as UV, ionizing and nonionizing radiation, and chemicals [14] . Phillips et al. [15] exposed Molt-4 human lymphoblastoid cells to low intensity EMF from TDMA and i DEN cell phone for 2-21 hrs. Their study showed both increased and decreased DNA damage, depending on the type of signal, intensity, and duration of exposure. Diem et al. [16] reported that the intermittent exposure schedule caused significantly more DNA damage than continuous exposure. Studies on human lens epithelial cells in exposing to 1.8 GHz at SAR of 3 and 4 W/Kg field showed increased SSB and irreversible DNA damage [9, 17] . The exposure of human lens epithelial cells (HLEC) to microwaves of 1800 MHz resulted in repairable DNA damage [9, 18] . However, some studies have shown absence of DNA damage in human lymphocyte and leukocyte culture on exposure to RFR emitted from cell phone [19] [20] [21] and in rat brain exposed to 915 MHz GSM microwaves [22, 23] .
Organogenesis period is regarded as the most critical phase in the dynamic process of development of an embryo. The external and internal environmental insult during this period could result in an adverse outcome. Exposure of chick embryos to RF radiations resulted in increased mortality rate [24] [25] [26] [27] [28] and development of numerous congenital anomalies [1, 29] . The present study is made to evaluate the possible effect of RF radiation emitted from 2G/GSM mobile phones on developing chick embryo lens.
Materials and Methods
Fertile hen eggs (gallus domesticus) were procured from Rajiv Gandhi College of Veterinary and Animal Sciences, Puducherry. The eggs were incubated in 10 batches of 12 eggs each (a total of 120 eggs) in a standard egg incubator at 37 ± 0.5 ∘ C with 50-55% of humidity and ventilation. The eggs were rotated manually 4 times a day and checked periodically with a candler for the viability of the embryos.
The first 5 batches (60 eggs) were treated as control and next 5 batches (60 eggs) as experiment group was exposed to RFR from a 2G cell phone operating in a frequency range of 900-1800 MHz and SAR of 2.0 watts/kilogram. The experiment group was incubated with the cell phone hung from above with 5 cm distances separating the egg with head phones plugged in to ensure that the cell phone gets switched on automatically each time it gets a call. The control group was also incubated with the cell phone kept in a nonoperational mode in null status.
For exposure, the cell phone was rung from another cell phone for a duration of 3 minutes each, every half an hour, with the first exposure delivered at 12th hour of incubation (4.30 am-4.30 pm). The total exposure for a 12-hour period was 72 minutes, followed by 12 hours of exposure-free period. This was repeated daily. Six embryos per day were sacrificed from the 5th to 12th day for the first 4 batches of both the groups. Their weight and gross morphological features were recorded. The embryos were fixed in 10% formalin and then processed for routine histological studies. The 5 micron thick sections were cut in sagittal, coronal, and transverse planes and stained with H&E and PAS stain. The transverse diameter and thickness of the lens were measured using oculometer. The values obtained for control and experiment group were statistically analyzed using the student -test with SPSS 22 version software.
The 5th batch of chick embryo eyes of both groups (12 + 12) were used to assess the DNA damage using alkaline comet assay technique developed by Singh et al. [30] with modifications in staining procedure [31] . The eyes were removed and minced in Hanks Balanced Salt Solution (HBSS). The cell suspension was used for the assay. The slides were stained with silver nitrate and then analyzed using automated comet scoring software (Comet Score IV) to assess and quantify the levels of DNA damage in both groups. The mean comet length, the mean tail length, mean % of DNA in the tail, and mean tail moment of both groups were statistically compared using unpaired t-test with Graph Pad Instat 3.
Observations
In the present study, an increased mortality rate and congenital anomalies among the experiment group of 5th-9th days were observed. There was no mortality in 10-12th-day experiment group and the morphological features appeared normal.
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The lens of the fifth day control group showed normal features with single layered lens epithelial cells and lens fibers arranged regularly without any spaces between them. The nuclei were elongated in lens epithelial cells. In experiment group, spaces between lens fibers and multilayered lens epithelium were observed.
In the sixth day control embryo, the nuclei of the lens fibers were densely packed at the equator and the nuclei of the inner fibers were displaced anteriorly giving the bow lens appearance as "c"/"s" shaped curve ( Figure 3 ). However, most of the lenses of experiment group showed extensive damage in the form of spaces between lens fibers with multilayered cells (Figure 4) .
Lens of 7th day control embryos showed normal features. The experiment group lens appeared double layer and multilayered. The lens fibers showed fragmentation with cystic spaces and at some places the lens fibers have swollen to form cystic cells/balloon cells ( Figure 5 ). In the central part of the lens, the nuclei appeared small and spherical. In the anterior part of the lens, the nuclei are elongated and arranged in the form of lens bow and posteriorly the lens fibers showed the irregular orientation with spaces ( Figure 5 ).
The lens of 8th-day control embryos showed regularly arranged lens fibers with elongated nuclei concentrating towards the equator and they showed lens bow appearance. The experiment group lens showed mainly double layered/multilayered lens epithelial layer and small, elongated condensed nuclei at the periphery. Towards the center of the lens, the nuclei were small and spherical and less dense. Cystic spaces and cells were found to be largely towards anterior part. Few experiment embryos showed a wrinkled capsule on the posterior part ( Figure 6 ) and an aberrantly formed posterior epithelium (Figure 7) .
Lens fibers of 9th-12th day experiment embryos showed changes in the form of cystic spaces and cystic cells with small nuclei and variance in lining epithelium from stratified instead of single layered epithelium (Figures 8 and  9 ). The control embryos showed normal structural features ( Figure 10 ).
The thickness of lens in both control and experimental group showed a gradual increase as the incubation period progressed. The lens thickness of 5th-10th day experiment group was higher when compared to control group (Table 1) . However, lens thickness of 11th and 12th day experiment group was less when compared to the control group of same age ( Figure 1) .
The equatorial diameter of both control and experimental embryo showed a gradual increase as the age advanced. When compared between the groups, the experimental embryo lens showed an increased equatorial diameter than the control group (Table 2, Figure 2) .
Our study showed an extremely significant increase in the mean comet length, the mean tail length, mean % of DNA in the tail, and mean tail moment in the eyes of the experimental group (Table 3) . They further showed moderate to severe DNA damage ( Figure 11 ) when compared to the control group that showed minimal damage ( Figure 12 ). The damage was maximum on the 9th day and minimum on the 12th day for the experimental group. 
Discussion
An electromagnetic radiation emitted from a cell phone is a known environmental stress factor and could affect the dynamic developmental process of an embryo. RF radiation emitted per cell phone caused damaging effects in the form of increased mortality rate and various congenital anomalies. Al-Qudsi and Azzouz [1] and Lahijani and Ghafoori [29] reported the development of abnormal brain ventricles, anophthalmia, spina bifida, abdominal hernia, and growth retardation in chick embryos exposed to RF radiation from GSM mobile phone. In our present study, RF exposure from 2G phone caused subcutaneous hemorrhage, anophthalmia, monophthalmia, microophthalmia, limb bud anomalies, development of conjoint embryos, and growth retardation.
The mortality rate was 16.6% in the experiment group and was significantly less in the control group (8.33%). Earlier studies also reported an increased mortality rate ranging from 52 to 77.78% in chick embryos exposed to RF radiation from cell phones [24] [25] [26] [27] [28] .
As a known teratogen, RF radiations from cell phone have a negative impact on the developing lens of the chick embryo. It is regarded as a risk factor in the formation of cataract [32, 33] . Ocular lens has a unique cellular architecture with 2 types of cells. It consists of a single layer of lens epithelial cells (LECs) on the anterior surface that undergoes mitosis and forms lens fiber cells that migrate posteriorly forming the main bulk of the lens. The lens capsule makes up the basement membrane of lens epithelium.
Experimental embryo lens
In the present study, the lens epithelial cells of the control embryos were single on the anterior surface extending towards the equator. Lens fiber cells were elongated and closely packed with flattened elongated nuclei. The nuclei of these lens fibers showed a characteristic forward arch in the form of "C" or "S" shaped curve (lens bow appearance) due to the deposition of successive generations of lens fibers (Figure 3) .
However, experiment group embryos showed structural changes. Lens epithelial cells were the first cells exposed to RF radiation and bear the maximum insult. Thus experiment groups lens epithelium was multilayered on its anterior surface [34] and cystic spaces appeared between the lens fibers [12] (Figures 4 and 8) . From 7th day onwards, the Advances in Anatomy 5 Experimental embryo lens Experimental embryo lens experiment group showed extensive damage with epithelial cells at the equator swelling up to form "cystic cells" or "balloon cells". These pathological cells increased in number and size as the incubation period progressed (Figures 4, 5 , 6, 8, and 9) . This was probably due to an abortive attempt of epithelial cells to undergo normal differentiation into new lens fibers [12] . In the experiment group, the lens bow appearance was found to be distorted with displacement of nuclei more posteriorly and distorted lens fibers appeared towards the posterior part due to swelling of posterior ends of lens fibers ( Figure 5 ). The appearance of aberrantly formed epithelium on the posterior surface may be due to increased mitotic activity and migration of epithelial cells induced by RF radiation [6, 12] (Figure 8 ). The appearance of smaller lens epithelial cells with condensed pyknotic nuclei and damaged cytoplasm was similar to the findings reported by Bormusov et al. [4] . Development is a dynamic process consisting of a highly ordered sequence of cell proliferation, differentiation, migration, and programmed cell death [2] . These events are based on endogenous ionic currents and electric fields present in the cells. These fields get disrupted due to RF radiations from the cell phone that in turn affect these processes [2] . In the present study, the formation of multilayered epithelium on the anterior surface of the experiment lens and aberrantly formed posterior epithelium was probably due to the increased cell proliferation of lens epithelial cells due to 2G cell phone radiation exposure.
Ocular lens is a nonvascularized, noninnervated tissue containing high percentage of water. Owing to its poor blood supply, it lacks the ability to dissipate heat. This along with the high percentage of water makes ocular lens highly sensitive to RF radiation [8] . Moreover, lens fiber cells have limited capacity for repair and fibers towards the center have less metabolic activity. The proteins present in these fibers do not turn over significantly and they are extremely long lived and vulnerable to oxidative stress [34] .
RF radiation causes irreversible morphological and biochemical changes in LEC [4] affecting normal functioning.
Bormusov et al. [4] reported apoptotic changes, reduction in cell size, decreased mitochondria, and appearance of a balloon shaped mitochondria. Ye et al. [35] observed a reduction in connexin 43 expression intercellular gap junctions disrupting the coordinated transport activity in LECs and inhibited delivery of ions and nutrients to lens fiber cells. Regulation of ion and water content of lens fibers is essential to maintain its structural integrity, optical homogeneity, and transparency [34] . RF exposure also caused unfolding of protein structure, exposing the sulfhydryl groups. These groups may engage in disulphide bonding which results in further cross-linking and conformation changes [34] leading to cataract.
Oxidative stress is a leading cause for cataractogenesis. In the present study, the histopathological changes observed were similar to those of cortical cataract [36] produced by an ionizing radiation [37, 38] . Cystic cells and vacuolations were reported to be present mainly in the lenticular fibers beneath the posterior capsule in radiation cataract [37, 38] ( Figure 6 ). Nevertheless, in the present study, they were seen even in the anterior subcapsular cortex (Figure 4 ) correlating the findings of Carpenter [12] .
In the present study, the mean thickness and equatorial diameter of the lens increased as the incubation period was prolonged in both control and experiment group. The mean thickness of the 5th, 6th, and 8th day experiment embryos showed a significant increase ( value < 0.04, < 0.001, and < 0.00007, resp.) in comparison with the control group. However, 7th, 9th, and 10th day experiment embryos showed an insignificant increase in mean lens thickness. The mean thickness of the 11th and the 12th day control embryo lens was slightly more than that of the same age experiment group and was statistically insignificant. The equatorial diameters of the lens of the experiment group were higher in comparison with the same age control embryo lens ( value < 0). This increase in equatorial diameter may probably be due to RF exposure resulting in proliferation of LECs to form secondary lens fibers. The increased proliferation of these cells also resulted in multilayered epithelium on the anterior surface and formation of aberrant posterior epithelial layer on the posterior surface. Increased equatorial diameter of experiment lens might also be due to the formation of large sized cystic cells and their consequent increase as the age advanced. The LECs proliferate throughout the life which is important for maintaining metabolic homeostasis and transparency [8] .
RF radiation impairs oxidant/antioxidant balance in the LECs which in turn affects normal functioning of LECs [9-11, 39, 40] . Moreover, RF radiation causes production of free radicals by means of Fenton reaction [13] which kill cells by damaging macromolecules such as DNA, protein, and membrane. These secondary changes in the cells on exposure to RF radiation impair DNA repair mechanism that results in DNA damage. The DNA damage is seen in the form of DNA strand breaks and DNA cross links [14] . There are two types of DNA strand breaks: single strand breaks (SSB) and double strand breaks (DSB). DSB is more lethal. DNA strand breaks are associated with cell death, aging, and cancer. In the present study, we have assessed the DSB in the developing eyes of the chick embryo following chronic exposure to RF radiation from a 2G cell phone using the alkaline comet assay. Our study showed significantly increased DNA damage in the experiment group as compared with control group (Table 3) . The damage was seen in the form of increased mean comet length, mean tail length, mean % of DNA in the tail, and mean tail moment in 9th-11th day experiment group (Figures 11 and 12) . The mean comet length and the mean tail length of both groups on 12th day did not show significant change but mean % of DNA in tail and mean tail moment showed an increase in experimental group which was highly significant (Table 3 ). Our study also observed an increased DNA damage on the 9th day and a reduction in the intensity of DNA damage on a 12th day experimental group. This decreased damage is probably due to the protective mechanism of LEC by activating enzyme pathways to protect its components from oxidative stress and maintain homeostasis [41] .
Different types of cells in our body respond differently to the EMF. Metabolically active cells, cells having a high level of intracellular free iron, cells having fewer amounts of antioxidants and antioxidative enzymes, and so forth are more susceptible to DNA damage [13, 14] . Cancer cells and cells that undergo abnormal proliferation have a high concentration of free iron because they uptake more iron and have less efficient iron storage regulation [13, 14] . Iron catalyzes the conversion of hydrogen peroxide formed due to oxidative respiration into hydroxyl ions that are very potent and toxic free radicals that damage the DNA (Fenton reaction). In our study, also abnormal proliferation of lens epithelial cells would have resulted in increased DNA damage in the eye of experiment group by the same mechanism.
Conclusion
The present study showed that exposure of developing chick embryo lens to RF radiation from a 2G cell phone resulted in micro structural changes in the lens. These changes were observed as multilayered epithelium on the anterior surface of lens, formation of aberrant posterior epithelium, cystic cells and spaces, and distortion in the arrangement of posterior part of lens fibers. Such changes were reported in the lens exposed to ionizing radiation. In addition to that, the RF radiation also caused an increase in the mean equatorial diameter of lens due to increased proliferation of lens epithelial cells. The anomalous proliferation of LEC caused by RF radiation from 2G cell phone also made these cells more susceptible to DNA damage in the form of DSB. The damage was seen in the form of increased mean comet length, the mean tail length, mean % of DNA in the tail, and mean tail moment. Whether these anomalous proliferation and DSB could lead to uncontrolled neoplastic cellular proliferation requires further experimental study.
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